ABSTRACT Even though feather pecking (FP) in laying hens has been extensively studied, a good solution to prevent chickens from this behavior under commercial circumstances has not been found. Selection against FP behavior is possible, but for a more effective selection across different populations, it is necessary to characterize the genetic mechanism associated with this behavior. In this study, we use a high FP selection line, which has been selected for 8 generations. We present evidence of the presence of a major dominant allele affecting the FP behavior by using an argument based on the presence of mixture in the distribution of the observed FP and by studying the evolution of the proportion of very high FP along the sequence of 8 generations. This hypothesis is further supported by the fact that the gene transcription profile of the birds performing high FP differs from the profile of the other birds performing FP (456 genes differentially expressed from a total of 14,077 investigated genes).
INTRODUCTION
Even though feather pecking (FP) in laying hens has been extensively studied, a good solution to prevent chickens from FP under commercial circumstances has not been found. The change in European Union regulation of housing systems for layers from conventional cages to furnished cages (Directive 1999/74/EC) typically introduces larger group sizes and higher light intensity, which increases the risk of FP and cannibalism (Kjaer and Vestergaard, 1999) . Therefore, genetic stocks with a lower predisposition to FP when kept in group housing systems are wanted (Blokhuis et al., 2007) .
During the last 5 to 10 yr, the genetics of FP has been under increasing interest. It has been shown that FP could be studied best in a social context (social FP test; . When FP behavior is measured within the social context, the heritability is moderate . This has been confirmed by a selection experiment in which chickens were selected for high FP (HP line) or low FP (LP line). After only 3 generations of selection, there was a significant difference between these selection lines (Kjaer et al., 2001 ). In another experiment using group selection, the mortality due to cannibalism and beakinflicted injuries in the population could effectively be reduced (Muir, 1996) . After only 1 generation of selection, the mortality rate decreased from 60 to 10% in the population; thereafter, little progress was made. The rapid decrease in mortality in the group selection lines (Muir, 1996) could be explained by taking the interaction among individuals into account (Bijma et al., 2007) . So far, only a few studies have been performed dealing with the detection of genes for FP behavior. Buitenhuis et al. (2003) have performed a genome scan to detect QTL for FP behavior and Keeling et al. (2004) suggested a gene involved in feather pigmentation to be the candidate gene for being pecked.
The FP selection lines (Kjaer et al., 2001 ) provide a good basis to study the genetics of such behavior. Some observations on the HP line are of interest. For example, after 3 generations of selection, a significant difference between the HP and LP lines occurred (Kjaer et al., 2001) . Observations during the social FP test show not only that more birds in the HP line perform pecks but also that those birds that show FP behavior peck more than birds in the LP line. In addition, some of the peckers in the HP line present extremely high pecking intensity and a hyperactive behavior, which distinguish them from the rest of the group (A. J. Buiten-huis, unpublished data) . This behavior has never been studied in detail, although it could give new insight in the underlying genetics of FP behavior. Therefore, in this study, we use the FP data collected over 8 generations of selection for increased FP behavior to study such behavior in more detail over generations in the HP line and to detect the inheritance pattern in the HP line. Our study will present evidence of the existence of a dominant (or partially dominant) major allele associated with this hyperactive pecking behavior, by modeling the development of the proportion of this behavior along the 8 generations. Additionally, we will characterize the gene expression profile distinguishing normal severe feather peckers from hyperactive feather peckers to obtain a further indication of the action of the putative major allele. Finally, we argue that after excluding the birds detected as carrying the referred major allele, there is still response to selection for high FP (although not through extreme high pecking) along the generations. This suggests that the genetic mechanism involved in the FP behavior is more complex than the simple action of a major allele and that after eliminating the referred major allele, there is still space for selection to change FP behavior.
MATERIALS AND METHODS

Selection Procedure of the FP Selection Lines
Description of the Lines. The foundation population was a White Leghorn layer strain established in 1970 as a control line in the Scandinavian selection and cross breeding experiment (Liljedahl et al., 1997) and maintained as a randombred line. In 1995, fifteen sires and 60 dams were randomly picked from the White Leghorn layer line to generate the base population (generation 1). From this base population, an HP line was generated (generation 2 and further). In the selection line, for every generation, approximately 200 hens were recorded for their pecking behavior and 30 hens were selected for the next generation, whereas 8 to 10 males were selected for the next generation based on the phenotype(s) of their sister(s). The generation interval was 1 yr. In generation 4, all the males from the HP line were killed by accident. In that case, the females were selected from the HP line, whereas the males were taken from the randombred control line. In total, 8 generations were selected based on their pecking behavior.
Phenotype Used in the Selection. A detailed description of the test conditions is given in Kjaer et al. (2001) . In short, birds were individually tagged with a plastic tag on the back or wings and randomly allocated from conventional cages to the testing pen containing 20 hens per pen. The testing pen was approximately 2 m × 4 m with wood shavings on the floor.
The light intensity at the ground level was 25 lx. The birds had a week to adapt to their new environment, before their behavior was recorded for 3 h by video at natural speed. Feed and water were provided ad libitum during the observations. The age of the birds at testing was in the range of 26 to 38 wk. It was assumed that the influence of age after 20 wk was marginal. The phenotype recorded was number of bouts. A bout was defined as pecks in a continuous series directed to the same chicken to the same body part and is in our case a combination of gentle FP and severe FP. The trait used for selection was based on number of bouts performed to avoid hens doing gentle FP (with many pecks per bout) being selected in the HP line in favor of hens doing mostly severe pecking.
Quantitative Genetic Analysis of Severe FP Along the Generations
Detection of Mixture via the C(α) Test. The presence of mixture in the distribution of the number of bouts was characterized by a C(α) test for mixture (Neyman and Scott, 1966; Lindsey, 1995) of Poisson distributions. This test compares the null hypothesis of no mixture with the general alternative of a finite mixture of Poisson distributions (with nonspecified number of components).
Detection of High FP Birds. The birds performing high FP were detected by splitting the distribution of the number of bouts into 3 categories: 1) no peckers, constituted by the birds that did not perform FP; 2) low peckers, containing the birds that performed FP but with the number of bouts smaller than a given cutoff point; and 3) high peckers, formed by the birds with the number of bouts larger than the cut-off point. The cut-off point used to define the 2 categories of peckers was determined separately for each generation and was chosen in such a way that the losses of Külback-Leiber information that occurred due to the coarsening of the distribution of the counts were minimized (Küllback, 1997) . Different values of the cut-off point were obtained for the different generations.
Development of the Proportion of High FP Along the Generations. The proportion of birds performing high FP in the HP line developed along the generations according to a pattern that was compatible with the presence of a major gene. This was modeled by assuming that some of the birds sampled from the original population carried an allele strongly associated with high FP. Moreover, the effect of this allele was supposed to be so strong that all the birds expressing the allele could be identified and were selected.
Four alternative genetic models were considered for describing the expression of the high FP character as a function of the genotype of the putative major allele. We represent the allele associated with the extremely high FP behavior by A and the reference allele from the population by B. We have the following mechanisms: The proportions of birds performing high FP were predicted by recurrently applying a relation of the probabilities of each of the 3 possible genotypes in one generation to the respective probabilities in the next generation using standard Mendelian transmission rules. These relations depended on the assumed genetic mechanism and on the selection process (see the appendix for a full description and the detailed calculations: http://ps.fass.org/content/vol88/issue10/). The initial probabilities of the genotypes were inferred assuming the locus in Hardy-Weinberg equilibrium in the original population. The genotypes of the sires in the fourth generation were assumed to be distributed as in the initial generation because the fifth generation was obtained from crossing selected dams from the population of the fourth generation and sires selected from the base population (control line).
For each of the 4 genetic models studied, several predictive calculations were performed, each of them corresponding to a different assumed value of the frequency ρ of the allele A in the original population. The values of ρ used were disposed in a grid with 100,000 points uniformly covering the interval between 0 and 1. The allele frequency ρ was estimated by the value in the grid that yielded the lowest χ 2 statistic for deviations between the observed and the expected proportions of high FP along the generations. The minimum χ 2 statistic in the grid for ρ was used to test the goodness of fit of the model and to compare the performance of the 4 genetic models studied (models with smaller χ 2 statistics were preferred).
Segregation Analysis. To verify the conjecture that there is a major dominant allele associated with the high FP behavior, a specially designed segregation analysis was performed as briefly described below. The number of bouts was modeled as a mixture of 2 Poisson distributions: one representing the distribution of the number of bouts of birds for which the allele is not expressed and the other representing the distribution of the number of bouts of bids for which the allele is expressed. Although it is not known whether the allele in a particular bird is expressed or not, it is possible to attribute a probability to the expression of the allele based on the calculations described in the appendix. This probability depends on the assumed genetic mechanism and varies from generation to generation. The contribution to the likelihood function of each bird is obtained as a weighted sum of the conditional likelihoods given that the allele is expressed or not with the respective weights given by the probability that the allele is expressed or not in the corresponding generation. Additionally, a fixed effect of a factor representing each generation and a random component involving the pedigree information representing a polygenic effect were incorporated in the model. This model is referred to as the allelic-polygenic model.
The adjustment of the allelic-polygenic model describing each of the 4 possible genetic mechanisms was tested by fitting a saturated model attributing 1 Poisson distribution to each observation. The reduction of this saturated model to the putative model representing the genetic model in play was tested by a likelihood ratio test. The P-value of this test was obtained by parametric bootstrap with 10,000 bootstrap replicates (Davidson and Hinkley, 1997) . This test is referred to as the deviance adjustment test. Here, a significantly low P-value indicates lack of fit of the model.
A test of the significance of the allelic effect (under a specific genetic mechanism) was performed by testing the possibility of reduction of the respective allelicpolygenic model to a reference model containing only a fixed effect of a factor representing each generation and a random component representing a polygenic effect. The P-value of this test was also obtained by parametric bootstrap with 10,000 bootstrap replicates.
Molecular Genetic Analysis of Severe FP in the Eighth Generation of Selection
Phenotype Used for the Gene Expression Profiling. In the gene expression experiment for eighth generation birds, the trait "number of severe feather pecks" was recorded and not "number of severe bouts," but there is a strong correlation between both traits (Kjaer et al., 2001; Rodenburg et al., 2004) . Therefore, we could apply the same statistics used to analyze the trait "number of bouts" as described in this paper.
Sample Description, Labeling, and Normalization. Sixty 34-wk-old hens of the eighth generation from the HP line were housed in groups of 20 birds. Each individual was tested in a social FP test of 3 h between 1400 and 1700 h in their own group (Kjaer et al., 2001) . The experiment has been performed according the regulation of the Danish Committee of Control with Animal Research (Dyreforsøgstilsynet). The next day between 0800 and 1200 h, the birds were decapitated and the whole brain was taken from each individual and frozen directly into liquid nitrogen and stored at −80°C until further use. Expression profiles of the 60 individual brain samples were obtained by hybridizing the individual samples together with a common reference (labeled brain RNA from an unrelated F1 animal) to 20K chicken oligonucleotide microarrays printed and supplied by ARK-Genomics, The Roslin Institute (Edinburgh, UK) via the EADGENE consortium (http:// www.eadgene.info/). The arrays contain 20,678 oligonucleotides (64 to 70 oligomers) corresponding to 20,640 chicken transcripts based on UMIST full-length cDNA, DT40 full-length cDNA, and ENSEMBL and TIGR EST contigs (http://bioinformatics.roslin.ac.uk/eadgene/index.php/Chicken_-_Genomic_resources). More detailed descriptions of the 20K chicken oligonucleotide microarrays are available at the National Center for Biotechnology Information's Gene Expression Omnibus (GEO; Edgar et al., 2002; Barrett et al., 2005) through the GEO platform accession number GPL5480. The whole brain was homogenized in liquid nitrogen using a TissueLyser (Qiagen-Retsch GmbH, Haan, Germany) and the RNA samples were purified and DNase-treated using NucleoSpin RNA L (Macherey-Nagel GmbH & Co. KG, Düren, Germany) following the enclosed protocol. Ten micrograms of total RNA from each individual sample was labeled with Alexa-647 and 10 µg from the reference sample was labeled with Alexa-555 using the SuperScript Direct cDNA Labeling System (Invitrogen, Taastrup, Denmark). The RNase inhibitors were added where needed during RNA purification and cDNA synthesis to prevent RNA degradation. The labeled cDNA was purified using the NucleoSpin 96 Extract II PCR Clean-up Kit (Macherey-Nagel GmbH & Co. KG). The labeled reference samples were mixed and divided into aliquots before combining it with the labeled sample. The slides were hybridized in 6 batches using a Discovery XT hybridization station (Ventana Discovery Systems, Tucson, AZ) followed by scanning at 5-µm pixel size in a ScanArray Express HT system (version 3.0, Perkin Elmer, Waltham, MA). Image analysis was conducted using GenePix Pro (version 6.0.1.27, Molecular Devices, Sunnyvale, CA) with irregular filled feature types and "MorphologicalClosingFollowedByOpening" background values. More detailed descriptions of the microarray experiment as well as data are available at the National Center for Biotechnology Information's GEO (Edgar et al. 2002; Barrett et al., 2005) through the GEO series accession number GSE10380. The log 2 -transformed ratios of Alexa-647 to Alexa-555 (not background-corrected median values) were normalized within slide using weighted loess [LIMMA version 2.10.0 (Smyth, 2004) under R version 2.5.0 (http://www.r-project.org/)].
Contrast Definition and Testing. Those birds of the HP line that performed severe FP behavior were classified into 1 of 3 categories: nonpeckers, with 0 observed pecks (n = 20); normal peckers, with more than 0 but less than 15 observed pecks (n = 36); and high peckers, performing 15 or more observed pecks (n = 4). The cut-off point of 15 pecks was established on the basis of our previous analysis. The transcription level of each gene was modeled using a normal linear mixed model containing 2 random components representing the father and the mother of the birds and 2 fixed effects representing the number of pecks and a factor indicating whether the bird was classified as a normal pecker or high pecker. This model was fit for each of the genes (lme4 version 0.999375-28 under R version 2.8.0) and the P-value of the fixed effect representing the extreme pecking behavior was tested using a parametric bootstrap applied to the likelihood ratio statistics (1,000 bootstrap samples; Davidson and Hinkley, 1997) . The P-values of the tests performed were subsequently adjusted for multiple testing using the false discovery rate (FDR) procedure (Benjamini and Hochberg, 1995) .
The transcription levels of 14,077 genes were tested (out of 20,678 present on the arrays), which were the genes presenting less than 18 missing values for the 56 normal peckers and less than 3 missing values for the 4 high pecker birds.
Test for Relation Between Number of Severe Pecks and Gene Expression. Additionally, the Spearman correlation between the expression level of each gene and the number of pecks among the normal peckers were tested (separately) for equality to zero. This was done to verify whether there were monotone variations of the expression level together with the intensity of pecking, apart from the possible jump that occurred for the high pecker birds. We performed this test for the 17,986 genes with less than 26 missing values, which includes all of the 14,077 genes used for contrasting the birds with high FP. The P-values were adjusted for multiple testing using the FDR procedure (Benjamini and Hochberg, 1995) .
Assigning Genes to a Map Location and a Gene Name. For the annotation of the features on the arrays, different sources were used: 1) the annotation file available at http://www.sigenae.org/fileadmin/_temp_/ EADGENE_annotation/V2/EADGENE_oligo_anno-tation_general_chicken_V2.csv was used and 2) the features on the array were mapped to a Unigene identifier and an annotation package was built using the Bioconductor package AnnBuilder (version 1.14.0 under R version 2.5.0). In case these sources did not give an annotation of the gene, the oligo sequence of the significant probe was used in the BLAST program to map and annotate the gene (http://www.ncbi.nlm.nih. gov/genome/seq/BlastGen/BlastGen.cgi?taxid=9031; Supplemental Table A and Table B) .
RESULTS
The observed number of bouts varied from 0 to 405 bouts per bird, with a mean of 7.1 and a median of 1 bout. These figures should be analyzed with care because 35.9% did not show FP behavior and some birds performed very high counts differing substantially from the other birds that performed FP behavior (10.6%). Therefore, standard data descriptive techniques and classical statistical models cannot be applied to these data. testing with the FDR correction). This suggests that the phenotypic data for each generation possibly arose from a mixture. The pattern of mixture observed in each generation was essentially the same. A group of a few birds performed very high numbers of bouts, which distinguished them from the other pecker birds. This is illustrated in the histogram displayed in Figure 1 .
Quantitative Genetic Analysis of
Detection and Development of the Proportion of High FP in the HP Line. The proportion of birds performing high FP increased along the generations, with the exception of the fifth generation, which originated from crossings with sires from the basis population (Figure 2) . Table 1 presents the Pearson χ 2 statistics obtained for the best value of the allele frequency (searched in a fine grid of values between 0 and 1) for each of the 4 classic genetic models representing classic mechanisms of inheritance. The genetic model representing a completely dominant allele associated to the high FP presented the lowest Pearson χ 2 statistic, implying that this model approximated best the observed proportion of high FP. Note that the analysis included not only an increase in the proportion of extreme FP, which is compatible with the hypothesized model, but also a corresponding decrease of that proportion in the fifth generation, which was formed from crossings with sires sampled from the basis population (see the appendix). The tests of adjustment of the observed and the expected frequencies (see the fourth column of Table  1 ) did not provide evidence to reject the adjustment of the complete dominance genetic model (P = 0.3519); however, the low P-value of the other 2 models allowed us to discard the possibility of an overdominant (P = 0.0450) or a recessive allele (P = 0.0178) associated to high FP. The segregation analysis gave the same results as the other model (last column of Table 1 ).
The allele frequency that generated the smallest χ 2 statistic when assuming a complete dominant allele was 0.00255, which provides a rough estimate of the allele frequency in the original population. Therefore, we estimate the phenotypic frequency of the high FP group in that population (when in Hardy-Weinberg equilibrium) as 0. 
Molecular Genetic Analysis of Severe FP in the Eighth Generation of Selection
Gene Expression Profiling for the Contrast Between the Normal FP and High FP Group. We did not find any of the 17,986 investigated genes to be statistically significantly correlated (Spearman correlation) with the number of pecks, among the birds performing FP, excluding the birds with pronouncedly high FP. In contrast, we found evidence that 126 genes were statistically significantly upregulated and 330 were downregulated (P < 0.05, adjusted for multiple comparisons) in the birds with high FP. That is, 3.24% of the 14,077 investigated genes were found to be differentially transcribed in the birds with high FP. Supplemental Tables A and B in the supplemental material list those genes and present a summary of their annotated function as known up to now. 1 The genotypes that are associated with HP under the current genetic model, where A is the allele associated with the altered FP behavior and a is the reference allele from the population. 2 The χ 2 statistics for adjustment of the observed frequencies of birds with high FP to the expected frequencies along the generations obtained under the current genetic model when fit with the best original allele frequency (for the allele A).
3 The P-value of a χ 2 adjustment test for the current genetic model. 4 The P-value of a deviance adjustment test for the current genetic model; a significantly low P-value indicates lack of fit of the model describing the corresponding genetic mechanism.
The transcription levels of the 456 differentially transcribed genes referred above are very interconnected in the sense that their M-values (log 2 fold change), observed for all the normal pecker birds, tend to be correlated. The maximum pairwise Pearson correlation for each of those 456 genes with the other differentially transcribed genes varied between 0.65 and 1, whereas the minimum varied from −1 to −0.60. Therefore, each of those genes differentially expressed for the birds with very high FP was correlated with at least one other gene of the group of genes presenting variation in the expression. Moreover, 8.59% of the pairs of differentially transcribed genes presented Pearson correlation larger than 0.99, whereas only 0.61% of the 14,077 investigated showed correlation larger than 0.99.
DISCUSSION
In this paper, we study the pecking behavior in a long-term selection experiment for increased feather FP behavior (Kjaer et al., 2001 ) and try to detect the underlying genetic mechanism related to such behavior. Evidence was found for the presence of a mixture in the distribution of FP, with the proportion of very high FP developing along the generations according to a pattern that is compatible with the presence of a major gene with a major allele associated to extremely high FP behavior. This finding is additionally supported by indications of a change in the transcription profiles of the individuals performing very high FP. A more detailed discussion including our interpretation of these general results is presented below.
Quantitative Genetic Analysis of Severe FP Along the Generations
The average number of bouts per generation increased in the first 3 generations. There was a reduction in the average number of bouts after the backcross with the control males, and even though the average number of bouts increased again, the slope was less steep (Figure 3) . However, the proportion of high FP birds has reached the same level as before the introduction of the control males in the high FP line (Figure 2) . A reason for this picture is that even though the proportion of high FP birds increases, the total number of birds tested per generation is constant, whereas the total amount of FP can be different from generation to generation. Severe FP was composed of a mixture of different distributions. We have modeled FP behavior as such that the pecking birds could be divided into 2 groups of pecking birds fitting a single distribution each. The division of the 2 pecking groups was based on a cut-off point that was allowed to vary and is generation-specific. This way one can correct for the variation in the total amount of FP in each generation.
The 2 different models we used, one without a polygenic effect and the other with a polygenic effect, gave both the best fit for the positive dominance genetic model. This indicates that the severe high peckers among the severe pecking birds have a dominance inheritance pattern. The group of severe high peckers was studied in more detail by following the proportion of high feather peckers along the 8 different generations, showing that there is a major allele associated with the high FP behavior acting as a dominant major allele with a frequency around 0.26% in the initial population. When the very high pecking group was taken out of the analysis, it was shown that there was still an increase in the proportion of the normal pecking group. This finding suggests that there is another genetic mechanism (presumably polygenic in nature) involved in the selection for increased FP behavior. Note that the methods used do not allow us to completely determine the nature of the genetic mechanism. For instance, we could have as well a partial dominant allele such that the heterozygous birds for this locus would perform FP at an intermediate level, larger than the birds not carrying the allele and smaller than the homozygous carrying the allele. This value could still have been large enough to ensure that the heterozygous birds would be selected for breeding the next generation. Therefore, our methods do not allow distinguishing between the complete dominance and the partial dominance scenarios described above.
Molecular Genetic Analysis of Severe FP in the Eighth Generation of Selection
The birds in the very high pecking group were behaving very different from the birds in the normal pecking group. The very high pecking birds showed a behavior similar to hyperactivity (data not shown). These birds go around in the flock pecking constantly at other birds in the group. The selection experiment showed that the proportion of these hyperactive birds increases over the generations. This was not unexpected because under the selection criterion used, these very high pecking birds were always selected to produce the next generation. This observation indicates that there is a difference between the normal pecking group and the high pecking group. To further investigate this difference at a gene expression level, birds of the eighth generation of selection were tested for their pecking behavior and the gene expression in their brain was measured. The experiment was set up in such a way that birds were observed in the afternoon and the brain was collected the next morning. In this way, one will miss the gene expression profile at the moment of pecking itself; however, it was assumed that those birds that peck have in general a higher propensity to feather peck than those birds that do not show FP behavior and that this was reflected in the gene expression in the brain.
Applying the method described in this paper, severe normal peckers were separated from severe high peckers. The group of severe high peckers was small (n = 4) because the total number of birds tested (n = 60) was smaller than the group tested for selection purposes (n = 200). This means that there might be genes that are differentially expressed but are not detected as so.
Differentially Expressed Genes
There is a profound difference between the 2 groups of birds in the gene expression profile. The transcription level of none of the 14,077 investigated genes presented a significant Spearman correlation with the observed number of pecks (among the birds that performed pecking, excluding the birds performing high FP), whereas 456 genes (i.e., 3.24% of the investigated genes) were found to be differentially transcribed in the birds with very high pecking, as compared with the transcription level in the other birds performing normal FP. This relatively large number of differentially transcribed genes does not imply that a drastic generalized change in the genetic makeup of the birds performing high FP occurred. Indeed, the transcription level of those 456 genes was highly correlated among each other (i.e., the correlations between pairs taken in the 456 differentially expressed genes is significantly higher than the typical correlations between pairs taken from the whole set of 14,077 investigated genes), suggesting that the detected differentially transcribed genes occur in a hub of highly interrelated genes in the gene network.
The up-and downregulated genes do not cluster on a specific chromosome but are distributed over all chicken chromosomes (Supplemental Table A and B; http:// ps.fass.org/content/vol88/issue10/). In total, 173 genes of the 456 genes that were identified as differentially expressed had an annotation. Ordering these 173 genes with an annotation based on their Kyoto Encyclopedia of Genes and Genomes or Gene Ontology annotation did not reveal an obvious pathway in relation to a behavioral phenotype. Nevertheless, OPRD1 and OPRK1 can be of potential interest because the opioid system is involved in controlling pain (Dickenson, 1991) , reward (Koob, 1992) , addiction (Wise, 1996) , and emotional responses (Filliol et al., 2000) . In broilers, it has been shown that the use of opioid antagonists inhibits object pecking (Kostal and Savory, 1994) . Object pecking is not the same as FP; therefore, the involvement of the opioid receptors in the regulation of severe FP behavior needs further investigation.
Buitenhuis et al. (2003) identified a genomewise significant QTL for severe FP on GGA4. This QTL, however, spans over a large region on the chromosome because the marker density on this chromosome was low. Therefore, all differentially expressed genes on this chromosome can be of special interest. In total, 25 differentially expressed genes were located on GGA4, of which 17 were downregulated and 8 genes were upregulated (Supplemental Table A and B; http://ps.fass. org/content/vol88/issue10/). Even though the chicken sequence is available, the annotation of the chicken genome still needs improvement (International Chicken Sequence Consortium, 2004) . Of the 25 differentially expressed genes, 10 genes had an annotation. A database search based on the gene annotation did not reveal a clear indication of the function of these genes in relation to (animal) behavior or FP in specific (http:// www.ncbi.nlm.nih.gov/).
Conclusions
The results presented in this paper suggest that there might be a mixture of 2 superposed inheritance mechanisms of very different nature associated with FP behavior: a major allele for the hyperactive peckers and for the normal peckers there is another mechanism, presumably polygenic in nature underlying this behavior. The dominant (or partially dominant) allele producing hyperactive FP can be eliminated from the population very quickly in 1 or 2 selection rounds. After elimination of the hyperactive pecker allele from the population, there is still room for further improvement in the long term because there is a gradual steady response to selection. There is a profound difference between the normal pecker group and the high pecker group in the gene expression profile. The limited gene annotation available in the chicken makes it difficult to interpret the results; nevertheless, there is an indication that the opioid receptor genes could be candidate genes for FP behavior.
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APPENDIX-CALCULATION OF THE EXPECTED NUMBER OF BIRDS WITH HIGH FP UNDER DIFFERENT PUTATIVE GENETIC MECHANISMS
Suppose that there is 1 allele associated with high FP behavior, assumed, without loss of generality, to be located at a diallelic locus. Denote this allele by A and the population reference allele by B. The event "observing the genotype AA at the gth generation" is denoted G 1g . Analogously, G 2g and G 3g represent the events observing the genotype AB or BB at the gth generation, respectively. The probabilities of the 3 possible genotypes at the gth generation are represented by the vector
Here the superscript T indicates matrix transposition (i.e., the transpose of a matrix
The probabilities of the 9 possible crosses at the gth generation are represented by the (3 × 3) matrix
Under random mating, the matrix of probabilities of crosses can be obtained from the vector of genotype probabilities by
where K D g and K S g are the vectors of genotype probabilities for the dam and the sire populations, respectively. Denote the matrices of conditional probabilities of each genotype given the type of cross that occurred in the previous generation by
, for 1 2 3
Mendelian rules imply that P P In the absence of selection, the probabilities of the genotypes of the generation g + 1 can be obtained from the matrix of cross probabilities of the previous generation, g, by the relation
Here tr is the matrix trace operator that associates to each square matrix the sum of its diagonal elements.
In each selection round of the sampling process employed in the HP line, the next generation was formed by selecting n D dams (around 30) and n S sires (around 10) out of N birds (approximately 200) and crossing them at random. In the initial generation, 30 dams and 10 sires were sampled from the basis population and crossed at random. The selection process was then modeled by presupposing that all of the birds presenting high FP behavior were selected to the next generation because in the HP line the birds with a larger number of bouts were selected. Assuming different genetic mechanisms for the expression of the high FP behavior character, we calculated the matrix
where
is the conditional probability of selecting a bird in the gth selection round given its genotype G i g (for i = 1, 2, 3). Clearly, the matrix S depends on the genetic mechanism assumed and on the numbers N, n D , and n S , but apart from these quantities, S does not depend on the generation. We calculate S for 4 classic genetic mechanisms of inheritance considered at the end.
The probability of each genotype in the population selected for forming the next generation is given by
where S D and S S are the matrices defined in [3] calculated for the selection of dams and sires. The matrices S D and S S are different because the number of dams and sires sampled are not equal.
We calculate now the expected number of birds performing high FP in each generation. Let ρ be the frequency of the allele A in the basis population. Although ρ is not known, it will be estimated later. Assuming that the locus is in Hardy-Weinberg equilibrium, the initial probability vectors of the 3 genotypes are given by ),( ) .
[5]
Starting with these initial values and applying the following sequence of calculations recurrently, we compute the probability of each genotype for each generation. The calculations are, for g = 1, …, 8 The first calculation comes from relation [4], the second arises from [1] , and the third is just formula [2] . The expected number of birds performing high FP in the gth generation is given by
, ..., , for 1 8 [6] where N g is the number of birds observed in the gth generation. The statistical inference was performed by searching for the value of ρ between 0 and 1 that minimized the value of the χ 2 statistic calculated over all the generations for which there are available data (from generation 2 to 8), where the expected values were given by [6] . The χ 2 statistic was used also to test the adjustment of the model to the observed data.
The description of the methodology proposed is completed by (informally) calculating the matrix S in the case of complete dominance (i.e., the birds with the genotypes AA and AB express the high FP character) as follows. Suppose that n birds are selected to compose the next generation from the N birds forming the population at the gth generation. The expected number of birds with high FP in that population is N K 
and when the high FP occurs only in the homozygous birds, the S matrix is given by 
